Introduction lished observations). Interestingly, forskolin increased the phosphorylation of rabphilin only in CA3/mossy fiber At least two distinct forms of long-term potentiation synaptosomes but not in CA1 synaptosomes, although (LTP) are expressed in the hippocampus: a form that is rabphilin was similarly present in CA3 and CA1 synaptoinduced postsynaptically in the CA1 region by activation somes (Lonart and Sü dhof, 1998). The region-specific of NMDA receptors, and a form that is induced presynphosphorylation of rabphilin supports the hypothesis that aptically in the CA3 region by increases in cAMP (rephosphorylation of rab3A effectors is involved in the viewed in Hawkins et al., 1993; Nicoll and Malenka, 1995; induction of mfLTP. It also suggests a possible explanaGoda and Stevens, 1996). The second form of LTP, retion for the paradox that mfLTP is specific for mossy ferred to as mossy fiber LTP (mfLTP), probably reprefiber terminals in the hippocampus although PKA, rab3A, sents a presynaptic potentiation of synaptic efficacy that RIM, and rabphilin are present in all synapses, indicating involves activation of cAMP-dependent protein kinase A that the phosphorylation state of PKA substrates is regu-(PKA) (Huang et al., 1994; Weisskopf et al., 1994; Trulated in a region-specific manner even if the expression deau et al., 1996). Presumably, PKA acts by phosphoryof the respective proteins is not. lating unknown substrates in the nerve terminal, but the The current data suggest a model for induction of downstream mechanisms are unclear. A similar form of mfLTP: PKA phosphorylates downstream effectors of synaptic plasticity was described in the cerebellum (Salin rab3A, which then mediate increases in glutamate reet al., 1996; Chen and Regehr, 1997).
lease. According to this model, the region specificity of Recent studies with knockout mice lacking the synapmfLTP is determined by regulation of the phosphorylatic vesicle protein rab3A showed that mfLTP cannot be tion state of the PKA substrate. However, the data availelicited by normal tetanic stimulation in the absence of able at present also raise a number of questions. First, rab3A (Castillo et al., 1997 Figure 1C , and data not shown). To test whether KCl or sucrose alone, or with both combined ( Figure 2B ). Quantitation of release in multiple experiments showed that sucrose was more effective than KCl depolarization in triggering release, but that KCl and sucrose were no more effective than sucrose alone ( Figure 2C ). These results agree well with the electrophysiological observations and suggest that the standard procedures used in electrophysiological studies to examine glutamate release (membrane depolarization, Ca 2ϩ influx, and hypertonic sucrose) can also be applied to CA1 and CA3 region synaptosomes. centrations (5, 15, and 150 M) produced smaller potentiations (data not shown). As predicted by the electrophysiological findings, treatments of the mossy fiber sucrose action requires mobilization of Ca 2ϩ from internal stores, we emptied internal Ca 2ϩ stores by exposing synaptosomes with 10 M L-AP4, a type 3 metabotropic glutamate receptor agonist, suppressed glutamate resynaptosomes to thapsigargin, an inhibitor of endoplasmic reticulum Ca 2ϩ -ATPase. For this purpose, we washed lease by 70% (data not shown). These results suggest that mossy fiber synaptosomes, as a biochemical prepaand resuspended the synaptosomes in Ca 2ϩ -free buffer (which regularly contains 0.1 mM EGTA) and treated ration, faithfully reproduce the regulatory properties of the synapses from which they were derived. them with 1 M thapsigargin or control buffer for 12 min. When we then challenged them with hypertonic sucrose, It is possible that the radioactive 3 H-glutamate used in our release experiments is metabolized, or that the the thapsigargin-treated synaptosomes released glutamate as well as control synaptosomes, indicating that 3 H-glutamate is disproportionately distribruted between the cellular glutamate pools. As a consequence, the internal Ca 2ϩ stores are not essential (Figure 2A properties of the synapses from which they are derived. glutamate as measured with hypertonic sucrose. AlterForskolin had no effect on KCl-evoked release in CA1 natively, forskolin could primarily affect channels and synaptosomes but again strongly enhanced release in CA3/mossy fiber synaptosomes similar to the experiments with 3 H-glutamate (Figure 4) . Thus, the data from forskolin treatment, the effect of forskolin was wash Forskolin stimulates cAMP production but may also mycin, which bypasses voltage-gated Ca 2ϩ channels. To address these possibilities, we compared the effect act by cAMP-independent mechanisms. To ensure that the forskolin effects observed are due to cAMP, we of forskolin on release triggered by sucrose, KCl, and ionomycin.
Forskolin Enhances Glutamate

Specificity and Points of Action of Forskolin
performed several control experiments. First, to analyze the specificity of forskolin we tested an isomer of forWe first examined ionomycin-induced release. Similar to KCl-triggered release, forskolin potentiated release skolin, 1,9-dideoxyforskolin. 1,9-dideoxyforskolin does not activate adenylate cyclase but mimics some of the triggered by ionomycin, suggesting that forskolin directly augments Ca 2ϩ action in the secretory apparatus cAMP-independent actions of forskolin (Hoshi et al., 1988). Fifty micromolar 1,9-dideoxyforskolin had no sig-( Figure 5B) . However, the degree of release potentiation was smaller for ionomycin than for KCl ( Figure 5C ). This nificant effect on K ϩ -evoked glutamate release from CA3 mossy fiber synaptosomes, indicating that the majority indicates that not all effects of forskolin on KCl-triggered release are explained by direct action of forskolin on of forskolin's action is related to an increase in cAMP level (data not shown). Second, to probe whether a prothe Ca 2ϩ -dependent release apparatus as monitored by ionomycin. On the average, forskolin potentiated KCltein kinase such as PKA is involved in the forskolin effect, we measured the effect of H-89, a cell-permeable evoked release by 75% but ionomycin-evoked release by only 25%. Since 5 M ionomycin stimulated more protein kinase inhibitor. Synaptosomes were preincubated with 3 M H-89 for 10 min, and H-89 was retained glutamate release than 25 mM KCl, one might argue that the amount of release induced by ionomycin is close in the experimental buffer during forskolin treatment. This partly reduced the forskolin enhancement but did to saturation and prevents large additional increases. However, this does not appear to be the case. Doubling not completely abolish it, suggesting that forskolin acts at least partially by activating PKA (data not shown). the ionmycin concentration to 10 M more than doubles the amount of release; thus, the ionomycin concentraThird, we used a nonhydrolysable cAMP analog, SpcAMPS, to treat synaptosomes. Similar to forskolin tion used is not saturating (data not shown). Furthermore, the degree of potentiation achieved with forskolin treatments, we found that Sp-cAMPS enhanced glutamate release induced by KCl more than release induced was the same when only 2 M ionomycin was used instead of 5 M ionomycin (123% Ϯ 9%; n ϭ 3). Together by ionomycin ( Figure 5D ). Together these results document that forskolin activates Ca 2ϩ -dependent glutamate these data demonstrate that forskolin causes a relatively 
Glutamate Release from rab3A-Deficient Synaptosomes
Electrophysiological studies showed that rab3A knockout mice exhibit a general increase in evoked glutamate release and a selective defect in mfLTP in the CA3 region of the hippocampus (Castillo et al., 1997; Geppert et al., 1997). To investigate whether the electrophysiological phenotype translates into a biochemical abnormality, we compared glutamate release from wild-type and rab3A-deficient mossy fiber synaptosomes (Figure 7) . We detected no difference in the basal release rate of glutamate. Glutamate release evoked by moderate KCl depolarization was unchanged, possibly because the amount of release under these mildly depolarizing con- ments, calculations of release, and statistical analysis were performed as described above (legend to Figure 3 ; asterisk, p Ͻ 0.05; n ϭ 6).
Discussion
In this study, we established a biochemical preparation to investigate the regulation of glutamate release in cAMP, as does the action of forskolin, suggesting that some of the effects of forskolin may be unrelated to mossy fiber LTP. We first characterized the fundamental properties of glutamate release from synaptosomes purab3A and mfLTP. To address this, we analyzed which of the three actions of forskolin are retained in rab3A rified from the CA1 and the CA3 regions of rat and mouse hippocampus. We showed that three stimulation proknockout mice.
In agreement with the electrophysiology (Castillo et cedures trigger glutamate exocytosis from these synaptosomes by distinct pathways (Figure 6 ): membrane al., 1997), we detected no significant differences between wild-type and rab3A-deficient mossy fiber synapdepolarization by KCl, which induces opening of voltage-gated Ca 2ϩ channels; the Ca 2ϩ -ionophore ionotosomes in the forskolin potentiation of glutamate release induced by KCl depolarization or hypertonic mycin, which introduces Ca 2ϩ directly into the cytosol; and hypertonic sucrose, which acts by an unknown sucrose (Figure 8) . Release triggered by ionomycin, however, was no longer enhanced by forskolin in the Ca 2ϩ -independent mechanism. Our results show that KCl-induced and ionomycin-induced release are absorab3A-deficient synaptosomes. These data show that there is a highly selective defect in forskolin action in lutely Ca 2ϩ dependent but differ in magnitude. In a third part we investigated the mechanism by which cAMP increases release from CA3/mossy fiber nerve terminals. Our data demonstrate that the effects of cAMP on glutamate release are unexpectedly complex. Three distinct mechanisms were found (summarized in Figure 6 ). First, release stimulated by ionomycin (which directly introduces Ca 2ϩ into the synaptosomes and bypasses Ca 2ϩ channel activation) was moderately enhanced, indicating that increases in cAMP have a direct effect on the secretory apparatus in agreement with the data by Trudeau et al. (1996) . Second, release triggered by KCl depolarization was more strongly increased than the question arises whether all of the actions of cAMP are involved in mfLTP. The finding that mfLTP cannot Ca 2ϩ through a Ca 2ϩ ionophore. We also demonstrated be normally induced in rab3A knockout mice but forthat hypertonic sucrose triggers glutamate release from skolin still enhances glutamate release suggests that synaptosomes Ca 2ϩ independently by releasing the not all points of forskolin action are important in mfLTP same pool of glutamate as Ca 2ϩ -dependent release by and require rab3A. To test this, we investigated synaptoKCl depolarization. In electrophysiological experiments, somes from rab3A knockout mice. We demonstrated the vesicle pool that is exocytosed in response to hyperthat compared to wild-type synaptosomes, synaptotonic sucrose corresponds to the readily releasable pool somes from rab3A-deficient mice exhibited an increase (Rosenmund and Stevens, 1996). A subset of this pool in release stimulated by ionomycin. This is consistent is stimulated by membrane depolarization. Our results with the electrophysiological observation of a general show that glutamate release from synaptosomes inincrease in glutamate release in rab3A-deficient mice. duced by hypertonic sucrose has properties that are
We then showed that in rab3A-deficient synaptosomes, very similar as those described electrophysiologically.
forskolin still enhanced glutamate release triggered by This suggests that hypertonic sucrose can also be used KCl depolarization and by hypertonic sucrose but had in synaptosomes to monitor the size of the readily reno effect on ionomycin-induced release. In other words, leasable pool. only one of the three actions of forskolin was abolished. In a second set of experiments, we showed that the This suggests that only the direct action of cAMP on region-specific differences between synapses in the the secretory apparatus is important for mfLTP. In addi-CA1 and CA3 region of the hippocampus can be faithtion to localizing the action of cAMP in mfLTP, this result fully reproduced with synaptosomes. CA1 and CA3 synapses exhibit distinct forms of LTP and differ markedly agrees well with the analysis of the point of action of
